Abstract-During the normal operation of a power system, all the voltages and currents are sinusoids with a frequency of 60 Hz in America and parts of Asia or of 50 Hz in the rest of the world. Forcing all the currents and voltages to be sinusoids with the right frequency is one of the most important problems in power systems. This problem is known as the transient stability problem in the power systems literature. The classical models used to study transient stability are based on several implicit assumptions that are violated when transients occur. One such assumption is the use of phasors to study transients. While phasors require sinusoidal waveforms to be well defined, there is no guarantee that waveforms will remain sinusoidal during transients. In this paper, we use energybased models derived from first principles that are not subject to hard-to-justify classical assumptions. In addition to eliminate assumptions that are known not to hold during transient stages, we derive intuitive conditions ensuring the transient stability of power systems with lossy transmission lines. Furthermore, the conditions for transient stability are compositional in the sense that one infers transient stability of a large power system by checking simple conditions for individual generators.
I. INTRODUCTION

P
OWER system is the name given to a collection of devices that generate, transmit, and distribute energy to consuming units such as residential buildings, factories, and street lighting. Abusing language, we use the terms power and energy interchangeably, as typically done in the power systems literature. Excluding a small portion of generating units, such as solar cells and fuel cells, we can think of power generators in a power system as electromechanical systems [3] , [29] . Natural sources, such as the chemical energy trapped in fossil fuels, are used to generate mechanical energy, which is then converted into electrical energy.
When power systems are working in normal operating conditions, i.e., in steady state, the generators satisfy two main conditions: 1) their rotors rotate with the same velocity, which is also known as synchronous velocity and 2) the generated voltages are sinusoidal waveforms with the same frequency. Keeping the velocity of the generators at the synchronous velocity and the terminal voltages at the desired levels is called frequency stability and voltage stability, respectively [22] . When all the generators are rotating with the same velocity, they are synchronized and the relative differences between the rotor angles remain constant. The ability of a power system to recover and maintain this synchronism is called rotor angle stability. Transient stability, as defined in [22] , is the maintenance of rotor angle stability when the power system is subject to large disturbances. These large disturbances are caused by faults on the power system such as the tripping of a transmission line.
In industry, the most common way of checking transient stability of a power system is to run extensive time-domain simulations for important fault scenarios [26] . This way of developing action plans for the maintenance of transient stability is easy and practical if we know all the "important" scenarios that we need to consider. Unfortunately, power systems are largescale systems and the number of possible scenarios is quite large. As an exhaustive search of all of these scenarios is impossible, power engineers need to guess the important cases that they need to analyze. These guesses, as made by humans, are prone to errors. Moreover, time-domain simulations do not provide insight for developing control laws that guarantee transient stability [27] . Because of these reasons, additional methods are required for transient stability analysis. Currently, the methods that do not rely on time-domain simulations can be collected in two different groups: direct methods and automatic learning approaches. The automatic learning approaches [38] are based on machine learning techniques. In this work, we do not consider automatic learning approaches and focus on direct methods.
A. Direct Methods and Their Limitations
Direct methods are based on obtaining Lyapunov functions for simple models of power systems [16] , [26] , [37] . To the best of our knowledge, the origin of the idea can be found in the 1947 paper of Magnusson [23] , which uses the concept of "transient energy," which is the sum of kinetic and potential energies to study the stability of power systems. In 1958, Aylett, assuming that a twomachine system can be represented by the dynamical equation
showed that there exists a separatrix dividing the two-dimensional plane of and into two regions [2] . One of the regions is an invariant set with respect to the two-machine system dynamics, i.e., if the initial condition is in this set, trajectories stay inside this set for all future time. Aylett concluded that in order to check the stability of the system, we only need to check whether the state is in the invariant set or not. Aylett also characterized the separatrix that defines the invariant set and extended the results from the two-machine case to the three-machine case in the same monograph. Although the term "Lyapunov function" was not stated explicitly in his work, Aylett's work used Lyapunov-based ideas. Some of the other pioneering works on direct methods include Szendy [34] , Gless [18] , El-Abiad and Nagaphan [15] , and Willems [39] . The work based on direct methods mainly focused on finding better Lyapunov functions that work for more detailed models and provide less conservative results. These Lyapunov functions are used to estimate the region of attraction of the stable equilibrium points that correspond to desired operating conditions. The stability of a power system after the clearance of a fault can then be tested by determining whether the postfault state belongs to the desired region of attraction. For further information, we refer the reader to [16] , [26] - [28] , and [37] . There are several problematic issues with direct methods.
The first problem is the set of assumptions used to construct these models. The models used for transient stability analysis implicitly assume that the angular velocities of the generators are very close to the synchronous velocity. In other words, it is assumed that the system is very close to desired equilibrium and the models developed based on this assumption are used to analyze the stability of the same equilibrium. The standard answer given to this objection is the following: the models that are used in transient stability studies are used only for the "first swing" transients and for these transients, the angular velocities of the generators are very close to the synchronous velocity. Unfortunately, in real-world scenarios, large swings need to be considered. Citing the postmortem report [35, p. 25] of August 14, 2003 blackout in Canada and the Northeast of the United States, "the large frequency swings that were induced became a principal means by which the blackout spread across a wide area." Using models based on "first swing" assumptions to analyze cases such as the August 14, 2003 blackout does not seem reasonable.
The second problem is that the models used for transient stability analysis, again implicitly, pose certain assumptions on the grid. The transmission lines are modeled as impedances and the loads are modeled either as impedances or as constant current sources. These modeling assumptions are used to eliminate the internal nodes of the network via a procedure called Kron reduction [3] , [13] . The resulting network after Kron reduction is a strongly connected network. Every generator is connected to every other generator via transmission lines modeled as a series connection of an inductor and a resistor. After this reduction process, the resistances in the reduced grid are neglected. The fundamental reason behind the neglect of the resistances lies in the strong belief, in the power systems community, about the nonexistence of Lyapunov functions when these resistances are not neglected. This belief stems from the paper [9] , which asserts the nonexistence of global Lyapunov functions for power systems with losses in the reduced power grid model. It is further supported by the fact that the Lyapunov functions that the power systems community has developed contain path-dependent terms unless these resistances are neglected. The reader should note that the resistors here represent both the losses on the transmission lines and the loads. Hence, this assumption implies that there is no load in the grid (other than the loads modeled as current injections), which is not a reasonable assumption. In addition to these problems that have their origin in neglecting the resistances on the grid, the process of constructing these reduced models, i.e., Kron reduction, can only be performed for a very restrictive class of circuits unless we assume that all the waveforms in the grid are sinusoidal [4] , [5] . In other words, in order to perform this reduction process for arbitrary networks, we need to use phasors, which in turn requires that all the waveforms in the grid are sinusoidals and every generator in the power grid is rotating with the same velocity. This assumption is not compatible with the study of transients.
B. Control and Synchronization in Power Networks
Despite the long efforts to obtain control laws for power systems with non-negligible transfer conductances, results only appeared in the beginning of the 21st century. For the single machine and the two-machine cases, a solution, under restrictive assumptions, is provided in [25] . In the same work, the existence of globally asymptotically stabilizing controllers for power systems with more than two machines is also proved but no explicit controller is suggested. An extension of the results in [25] to structure preserving models can be found in [10] . To the best of our knowledge, the problem of finding explicit globally asymptotically stabilizing controllers for power systems with non-negligible transfer conductances and more than two generators has only been recently solved in [7] and [8] . Although a solution has been offered for an important long-lasting problem, the models that are used in [8] are still the traditional models that we want to avoid in our work.
There are also some recent related results on synchronization of Kuramoto oscillators [11] , [12] , [14] . If the generators are taken to be strongly overdamped, these synchronization results can be used to analyze the synchronization of power networks. The synchronization conditions obtained in [11] , [12] , and [14] can also be used in certain microgrid scenarios [33] . In this paper, we provide results that do not require generators to be strongly overdamped.
C. A New Framework for Transient Stability of Power Systems
All the previously described methods use classical models for power systems. They are only valid when the generator velocities are very close to the synchronous velocity. In this paper, we abandon these models and use port-Hamiltonian systems [36] to model power systems from first principles. As already suggested in [31] , a power system can be represented as the interconnection of individual port-Hamiltonian systems. There are several advantages of this approach. First, we have a clear understanding of how energy is moving between components. Second, we do not need to use phasors. Third, we do not need to assume all the generator velocities to be close to the synchronous velocity. Finally, using the properties of port-Hamiltonian systems, we can easily obtain the Hamiltonian of the interconnected system, which is a natural candidate for a Lyapunov function. A similar framework, based on passivity, is being used in a research project on the synchronization of oscillators with applications to networks of high-power electronic inverters [30] .
We first obtain transient stability conditions for generators in isolation from a power system. These conditions show that as long as we have enough dissipation, there will be no loss of synchronization. In [31] , the port-Hamiltonian framework is also used to derive sufficient conditions for the stability of a single generator. The techniques used in [31] rely on certain integrability assumptions that require the stator winding resistance to be zero. In contrast, our results hold for nonzero stator resistances. Moreover, while in [31] , it is assumed that synchronous generators have a single equilibrium; we show in this paper that generators have, in general, three equilibria and offer necessary and sufficient conditions on the generator parameters for the existence of a single equilibrium. With the help of useful properties of port-Hamiltonian systems, we obtain sufficient conditions for the transient stability of the interconnected power system from the individual transient stability conditions for the generators. In addition to these sufficient conditions, which were also reported in [6] , we provide a deeper discussion on the modeling of synchronous generators and we also explain how to relax the sufficient conditions with the help of flexible AC transmission systems (FACTS) devices. Our results are important contributions for several reasons. First, we do not use the previously discussed questionable assumptions. Without these assumptions, we can apply our conditions to realistic scenarios including cases with large frequency swings. Second, our results relate dissipation with transient stability. This transparent relation is hard to see in the classical framework due to shadowing assumptions. Third, we exploit compositionality to tame the complexity of analyzing large-scale systems. We propose simple conditions that can be independently checked for each generator without the need to construct a dynamical model for the whole power system. Finally, extending our framework to more complex models is easier because we use port-Hamiltonian models for the individual components. This flexibility will be helpful to design future control laws for the generators.
II. NOTATIONS
We denote the diagonal matrix with diagonal elements by and an -by-matrix of zeros by . The vector R is denoted by , where is its th element. The -by-identity matrix is denoted by . We say that R is positive semidefinite, denoted by , if for all R . If, in addition to this, we also have , only if , we call positive definite, denoted by > . A matrix is negative semidefinite (definite), denoted by ( < ), if and only if is positive semidefinite (definite). The gradient of a scalar field with respect to a vector is given by . Note that the gradient is assumed to be a column vector. Consider the affine control system where M, U, and M is a manifold and U R is a compact set. The affine control system (1) has a port-Hamiltonian representation if there exist smooth functions J M R and R M R satisfying J J and R R for all M, and there exists a smooth function M R, which is called the Hamiltonian, such that (1) can be written in the form
J R
The Hamiltonian can be thought of as the total energy of the system. The output of the port-Hamiltonian representation of (1) is given by If we take the time derivative of the Hamiltonian, we obtain R The term in (3) represents the power supplied to the system. Therefore, property (3) states that the rate of increase in the Hamiltonian is less than the power supplied to the system. We refer to [36] for further details on port-Hamiltonian systems.
III. SINGLE GENERATOR
In this section, we derive the equations of motion for a twopole synchronous generator from first principles. The first step in this derivation is to identify the Hamiltonian, the sum of the kinetic and the potential energy, of a single generator. We then derive a stability condition, using the Hamiltonian as a Lyapunov function, for the synchronous generator when the terminal voltages are known. Although we only consider two-pole synchronous machines, the results in this section can easily be generalized to machines with more than two poles.
A. Mechanical Model
Every synchronous generator consists of two parts: rotor and stator. Several torques act on the rotor shaft and cause the rotor to rotate around its axis. Explicitly, we can write the torque balance equation for the torques acting on the rotor shaft as follows:
where is the rotor angle, is the moment of inertia of the rotor shaft, is the damping coefficient, is the applied mechanical torque, and is the electrical torque. The angular velocity of the rotor shaft is . The total kinetic energy of the rotor can be expressed as Using the definition of the angular velocity , we can write (4) in the following form Remark 1: In the classical power systems literature, the torque balance equation (4) is scaled by . Defining , ,
, and and dividing both sides of (4) by a constant value called rated power, the following set of mechanical equations is obtained:
In these equations, the parameters and are assumed to be constant, which implies that is either constant or slowly changing. Equations (5) and (6) do not require such assumptions on .
B. Electrical Model
There are three identical circuits connected to the stator. These circuits are called stator windings and they are labeled with letters , , and . There are also windings connected to the rotor. These winding are called field windings. In this work, we consider a synchronous generator with a single-field winding. In a cylindrical rotor synchronous generator, which are predominantly used in nuclear and thermal generation units, the aggregated effect of the field windings can be modeled by a single circuit [17] . Hence, the single-field winding assumption is reasonable for such generators. We label the single-field winding with the letter . The electrical diagram for the phase-stator winding is given in Fig. 1 . In this diagram, is the flux generated at the phase-winding, is the winding resistance, is the voltage at the terminals of the winding, and is the current entering through the positive pole of the winding terminal. The notation we choose for the current is called the motor notation. One can obtain the generator notation by replacing with . . In a synchronous generator with a single-field winding, we can relate fluxes and currents using the equation L where (the equation is shown at the bottom of the page).
The inductance matrix L is obtained from the inductance matrix in [17, p. 273 ] by neglecting the saliency terms. We can define the total magnetic energy stored in the windings as L and express the electrical equation (9) using as
C. Port-Hamiltonian Model of a Single Generator
Using the total magnetic energy defined in Section III-B, we can explicitly compute the electrical torque in (6) as
The Hamiltonian for the single generator is the sum of the kinetic and magnetic energies, i.e., Note that does not depend on and and does not depend on . Replacing the electrical torque expression in (6), the (5), (6) , and (9) can be written in the form 
L
If we define the energy variables
, we obtain the port-Hamiltonian representation of (12)- (14) (12)- (14) can be written in the -domain as J R where and J At the desired steady-state operation, the fluxes are constant and is the synchronous velocity . Therefore, we can safely disregard (17) and focus on the stability of the equilibria of (18) . From the last row of (18), we have which can be expressed in terms of currents as by using the equality that follows from L . Note that we can always design a control law acting on the field winding terminals by choosing the voltage according to for some < and a constant reference value . This controller keeps the field current constant and justifies the following assumption:
Assumption 1: The field winding current is constant. If we use (10) and consider the field winding current to be constant, we can express (18) in terms of currents where and .
E. Equilibria of a Single Generator
In this section, we study the equilibria of a single generator. Recall that sinusoidal waveforms in the coordinates are mapped to constant values on the coordinates. Therefore, equilibria of (20)- (23) are points rather than sinusoidal trajectories. We can find the equilibrium currents , , and that satisfy (21)- (23) it is easy to show that one of the solutions of is . Therefore, we can always choose a torque value such that for any given steady-state inputs and desired synchronous velocity , one of the solutions of (20)- (23) is with and given by (27) and (28), respectively, and . Note that in addition to , the equation has two other solutions. For each solution, we potentially have an equilibrium point. Hence, in general, we have three equilibrium points. By analyzing the coefficients of the polynomial equation
, it is not difficult to show that the only real solution of is iff < where and are obtained by replacing with in (27) and (28), respectively. Inequality (31) is a necessary condition for global asymptotic stability of the equilibrium . In Section III-F, we obtain sufficient conditions by identifying constraints on the generator parameters that lead to a global Lyapunov function for the equilibrium .
F. Stability of a Single Generator
In this section, we provide sufficient conditions for the equilibrium point computed in Section III-E to be globally asymptotically stable. A natural choice for Lyapunov function candidate is the Hamiltonian of the single generator. However, the minimum of occurs at the origin instead of , where L . We shift the minimum of the Hamiltonian to by defining a function that we call the shifted Hamiltonian. Explicitly, the shifted Hamiltonian is given as L We also define the shifted state by . It is easy to check that we have where is the gradient of the Hamiltonian with respect to , evaluated at . Note that is positive definite and implies , which in turn implies . Therefore, in order to prove that is globally asymptotically stable, it is enough to show that < , for . The time derivative of is given by
J R
Taking the time derivative of the shifted Hamiltonian , we get J R where . Note that the last element of is zero since a constant field winding current implies . We can write the first term in the right-hand side of (37) as a quadratic function of . Explicitly, where we used L to eliminate the flux variables. Replacing (38) in (37), we obtain P where P The eigenvalues of the matrix P are , , and
Since we have , i.e., , if P is negative definite, then < , for . It is easy to check that if < holds, then < , which implies that the matrix P in (39) is negative definite. Hence, if (41) holds, we have < , for , which in turn implies that is globally asymptotically stable. We can summarize the preceding discussion in the following result.
Theorem 1:
Let be an equilibrium point of the single generator, described by (18) when we have and . The equilibrium point is globally asymptotically stable if < It is useful to express inequality (42) in terms of -and -axes currents. We know that the -axis and -axis currents are different from the traditional -and -axes currents during the transient stage. However, we have at equilibrium. Thus, we can replace (42) with < . Note that we are using motor reference directions. In order to find the generator currents, we need to replace and by and , respectively. However, this change in reference directions does not affect (42). Condition (42) relates the total magnetic energy stored on the generator windings at steady state [left-hand side of (42)] to the dissipation terms and . This relation gives us a set of admissible steadystate currents in -coordinates (or alternatively, -coordinates) that lead to global asymptotical stability.
Remark 3:
One can verify that if inequality (42) holds, then inequality (31) also holds while the converse is not true. This is to be excepted since global asymptotical stability requires a unique equilibrium.
Remark 4:
In the single machine infinite bus scenario, a generator is connected to an infinite bus modeling the power grid as a constant voltage source. The analysis of the single machine in this section, which is based on the assumption that the terminal voltages are constant, can also be seen as the analysis of a single machine connected to an infinite bus. In the classical analysis of this scenario [1] , there are multiple equilibrium points and energy-based conditions for local stability are obtained. The analysis in this section shows that in fact a single equilibrium exists, under certain assumptions on the generator parameters, and that global asymptotical stability is also possible. Such conclusions are not possible to obtain using the classical models as they are not detailed enough.
IV. STABILITY ANALYSIS OF MULTIMACHINE POWER SYSTEMS
A. Multimachine Power System Model
We consider a multimachine power system consisting of generators, loads, and a transmission grid connecting the generators and the loads. We distinguish among different generators by labeling each variable in the generator model with the subscript . We make the following assumption about the multimachine power system.
Assumption 2:
The transmission network can be modeled by an asymptotically stable linear port-Hamiltonian system with Hamiltonian . Concretely, this assumption states that whenever the inputs to the transmission network are zero, can be used as a quadratic Lyapunov function proving global asymptotic stability of the origin. Although it may appear strong, we note that it holds in many cases of interest. In particular, it is satisfied whenever we use short-or medium-length approximate models to describe transmission lines in arbitrary network topologies. Furthermore, we discuss how it can be relaxed in Remark 5.
We denote the three-phase voltages across the load terminals and currents entering into the load terminals by and , respectively. Here, we use the letter to distinguish the currents and voltages that correspond to a load from the ones that correspond to a generator. The current entering into the load terminals when we set is denoted by . It follows from the linearity assumption on the transmission network that we can perform an affine change in coordinates, so that in the new coordinates, we have where and are the input and the output of the portHamiltonian model, respectively, of the grid in the new coordinates with shifted Hamiltonian , , and . Equation (43) represents an "incremental power balance," i.e., a power balance in the shifted variables. Intuitively, it states that the net incremental power supplied by the generators and the loads is equal to the net incremental power received by the transmission grid.
B. Load Models
We make the following assumption regarding loads.
Assumption 3: Each load is described by one of the following models:
1) a symmetric three-phase circuit with each phase being an asymptotically stable linear electric circuit; 2) a constant current source. The proposed load models are quite simple and a subset of the models is used in the power systems literature. It has recently been argued [32] that the increase in DC loads, such as computers and appliances, interfacing the grid through power electronics intensifies the nonlinear character of the loads. However, there is no agreement on how such loads should be modeled. In fact, load modeling is still an area of research [24] . The first class of models in Assumption 3 contains the well-known constant impedance model in the power systems literature. Constant impedance load models are commonly used in transient stability analysis [16] and can be used to study the transient behavior of induction motors [17] . According to the IEEE Task Force on Load Representation for Dynamic Performance, more than half of the energy generated in the United States is consumed by induction motors [21] . This observation, together with the fact that these three-phase induction motors can be modeled as three-phase circuits with each phase being a series connection of a resistor, an inductor, and a voltage drop, justifies the constant impedance model usage in transient stability studies. The -circuit model suggested for induction motors in [21] is also captured by Assumption 3. In [21] , it is also stated that lighting loads behave as resistors in certain operational regions. This observation also suggests the usage of constant impedances for modeling the aggregated behavior of loads. The second load model in Assumption 3 is also common in the power systems literature [24] .
Any asymptotically stable linear electrical circuit has a unique equilibrium and admits a port-Hamiltonian representation with Hamiltonian . By performing a change in coordinates, we can obtain a port-Hamiltonian system for the shifted coordinates with the shifted Hamiltonian satisfying < Let us now consider constant current loads. If a load draws constant current from the network, we have . This implies and the contribution of the constant current load to the incremental power balance (43) is zero. This observation shows that we can neglect constant current loads, since they do not contribute to the incremental power balance. Therefore, in the remainder of the paper, we only consider the first type of loads in Assumption 3.
C. Stability of Multimachine Power Systems
Let be the shifted Hamiltonian for generator with respect to the equilibrium point , as defined in Section III-E. From Section III-E, we know that for every generator , we have P where P is a matrix obtained by adding subscript to the elements of the matrix P given by (40). Using the definitions above, we select our candidate Lyapunov function as where is the shifted Hamiltonian of the transmission grid that was introduced in Assumption 2 (Section IV-A). Our objective is to show that the equilibrium for the generators is globally asymptotically stable. Note that every equilibrium shares the same synchronous velocity . Hence, asymptotical stability of implies that all the generators converge to the synchronous velocity . In addition to synchronize the generators' angular velocity, we also need to ensure that the currents flowing through the transmission network converge to preset values respecting several operational constraints such as thermal limits of the transmission lines. This will also be a consequence of asymptotical stability of the equilibrium . When this equilibrium is reached, the voltages and currents at the generator terminals are and , respectively. If we now regard the transmission network and the loads as being described by an asymptotically stable linear system driven by the inputs and , we realize that all the voltages and currents in the transmission network and loads will converge to a unique steady state. We assume that such steady state, uniquely defined by and , satisfies all the operational constraints.
Taking the time derivative of , we obtain P where (47) follows from (3) and (48) that all the trajectories converge to the largest invariant set contained in the set defined by
P
The left-hand side of (51) is a sum of negative definite quadratic terms (recall that P < ) and thus only zero when for all . This implies , hence the generator states globally asymptotically converge to if (50) holds. The preceding discussion is summarized in the following result.
Theorem 2: Consider a multimachine power system with generators described by (18) with , and loads satisfying Assumption 3 interconnected by a transmission network satisfying Assumption 2. Let be an equilibrium point for the generators that is consistent with all the equations describing the power system. The equilibrium is globally asymptotically stable if < holds for all . Theorem 2 states that in order to check the stability of the multimachine system, we only need to check a simple condition for each generator in the system. This makes our result compositional in the sense that the complexity of condition (52) is independent of the size of the network. All these conditions are bound together by and that obviously depend on the whole network. However, the computation of the desired steady-state currents needs to be performed for reasons other than transient stability and thus are assumed to be readily available.
Remark 5:
We note that if Assumption 2 is weakened from asymptotic stability to stability of the transmission network, the equilibrium is still globally asymptotically stable. However, the voltages and currents in the transmission network are no longer uniquely determined and may violate the operational constraints.
Inequality (52) is a sufficient condition for asymptotic stability. Typically, the stator winding resistance for each generator is small, and inequality (52) is only satisfied for small steady-state currents. However, inequality (52) can be enforced by actively controlling the voltage at the generator terminals using a static synchronous series compensator (SSSC), a FACTS device that is typically used for series compensation [19] of real and reactive power. Using an SSSC, we can introduce voltage drops of , , and at the generator terminals without altering the current. The turn-on and turn-off times for the thyristors in an SSSC are at the level of microseconds [19] , small enough to enforce a voltage drop that is a piece-wise constant approximation of , , and . The approximation error can always be reduced by increasing the number of converter valves in the SSSC. By repeating the stability analysis in this section, while considering this new voltage drop, we arrive at the relaxed condition for global asymptotic stability < Since the power throughput of FACTS devices is in the order of megawatts [19] , we can choose a value for that is several orders of magnitude larger than . Therefore, the relaxed inequality (53) allows for large steady-state currents and is widely applicable to realistic examples.
V. SIMULATION
In this section, we apply our results to the two-generator singleload scenario depicted in Fig. 2 . The generators are connected to the load via transmission lines with impedances . The load impedance is . We use the generator parameters provided in [29, . The mechanical torques and field winding currents are selected so as to be consistent with these steady-state values. For both generators, (31) is satisfied with this choice of parameters and the equilibrium is unique. We now investigate global asymptotic stability for this example. Condition (52) does not hold, since the winding resistances for the generators are zero and this leads to < for . In order to use the relaxed condition (53), we connect a SSSC in series with the generator terminals providing the voltage drops , , and in phases , , and , respectively. Condition (53) holds for generator if > Replacing the generator parameters into this inequality, we obtain > and > . We choose to satisfy these inequalities and provide enough damping.
We numerically simulated the dynamics of the circuit in Fig. 2 to obtain the transient behavior following the occurrence of a fault. Without conjecturing anything about the nature of the fault or the prefault circuit, we simply assumed that the initial condition for the frequency of the generators lies in the set . For a generator current with steady-state value , we assumed that the initial condition for the current lies in the set . With this assumption about the initial states, we performed numerical simulations for 25 randomly chosen initial-state vectors. These simulations indicate that the generator states converge to the steady-state values as expected. We present in Fig. 3 a typical trajectory corresponding to initial conditions , , , , , and . The reader can appreciate how the states and the value of the total shifted Hamiltonian converge to the desired values.
VI. CONCLUSION AND FUTURE WORK
This paper shows that transient stability analysis can be performed without using the hard-to-justify assumptions described in Section I and found in the classical literature on power systems. Instead, we employed first-principles models and obtained sufficient conditions for global transient stability that are applicable to networks with lossy transmission lines. Moreover, the proposed sufficient conditions for transient stability are compositional, i.e., we only need to check that each generator satisfies a simple inequality relating the steady-state currents to the generator's mechanical and electrical dissipations. Such test is far less expensive than contingency analysis based on numerical simulations.
Although transient stability is critical, equally important is a careful analysis of transients to ensure that operational limits are never violated. Such study is a natural next step in our investigations. Another direction for further research is how a careful modeling of transmission networks and loads can contribute to a refined transient stability analysis. In what regards the design of controllers, much is to be done on combining the use of FACTS devices with carefully designed excitation controllers to improve transient performance.
